Long-term depression (LTD) of synaptic transmission from parallel fibers (PFs) to a Purkinje cell (PC) in the cerebellum has been considered to be a core mechanism of motor learning. Recently, however, discrepancies between LTD and motor learning have been reported in mice with a mutation that targeted the expression of PF-PC LTD by blocking AMPA-subtype glutamate receptor internalization regulated via the phosphorylation of AMPA receptors. In these mice, motor learning behavior was normal, but no PF-PC LTD was observed. We reexamined slices obtained from these GluA2 K882A and GluA2 Δ7 knockin mutants at 3-6 mo of age. The conventional protocols of stimulation did not induce LTD in these mutant mice, as previously reported, but surprisingly, LTD was induced using certain modified protocols. Such modifications involved increases in the number of PF stimulation (from one to two or five), replacement of climbing fiber stimulation with somatic depolarization (50 ms), filling a patch pipette with a Cs + -based solution, or extension of the duration of conjunction. We also found that intracellular infusion of a selective PKCα inhibitor (Gö6976) blocked LTD induction in the mutants, as in WT, suggesting that functional compensation occurred downstream of PKCα. The possibility that LTD in the mutants was caused by changes in membrane resistance, access resistance, or presynaptic property was excluded. The present results demonstrate that LTD is inducible by intensified conjunctive stimulations even in K882A and Δ7 mutants, indicating no contradiction against the LTD hypothesis of motor learning.
Long-term depression (LTD) of synaptic transmission from parallel fibers (PFs) to a Purkinje cell (PC) in the cerebellum has been considered to be a core mechanism of motor learning. Recently, however, discrepancies between LTD and motor learning have been reported in mice with a mutation that targeted the expression of PF-PC LTD by blocking AMPA-subtype glutamate receptor internalization regulated via the phosphorylation of AMPA receptors. In these mice, motor learning behavior was normal, but no PF-PC LTD was observed. We reexamined slices obtained from these GluA2 K882A and GluA2 Δ7 knockin mutants at 3-6 mo of age. The conventional protocols of stimulation did not induce LTD in these mutant mice, as previously reported, but surprisingly, LTD was induced using certain modified protocols. Such modifications involved increases in the number of PF stimulation (from one to two or five), replacement of climbing fiber stimulation with somatic depolarization (50 ms), filling a patch pipette with a Cs + -based solution, or extension of the duration of conjunction. We also found that intracellular infusion of a selective PKCα inhibitor (Gö6976) blocked LTD induction in the mutants, as in WT, suggesting that functional compensation occurred downstream of PKCα. The possibility that LTD in the mutants was caused by changes in membrane resistance, access resistance, or presynaptic property was excluded. The present results demonstrate that LTD is inducible by intensified conjunctive stimulations even in K882A and Δ7 mutants, indicating no contradiction against the LTD hypothesis of motor learning.
cerebellum | LTD | Marr-Albus-Ito hypothesis | motor-learning | slice I n the efforts to decipher the elaborate neural network in the cerebellum (1), Marr (2) and Albus (3) focused on the dual innervation of Purkinje cells (PCs) by two types of excitatory input, climbing fibers (CFs) and parallel fibers (PFs), and interpreted it as a unique memory device. Incorporation of this memory device into the cerebellar cortical network leads to the formation of a learning machine, which is now called the Marr-Albus model. The postulated memory device was assumed to operate in such a way that conjunctive stimulation (Cj) of a CF and PFs induces plasticity changes at PF-PC synapses. A decade later, it became clear that, as recorded from a PC, repeated Cjs of a bundle of PFs and the CF that specifically innervate the PC indeed induces long-term depression (LTD) for the transmission efficacy in the PF-PC synapses (4) (5) (6) (7) (8) . In the subsequent explorations of signal transduction pathways underlying LTD, various inhibitors and genetically manipulated mice have become available, which provided effective means to block LTD. The close coincidence between the induced LTD blockade and impairment of behavioral motor learning has been taken as evidence for LTD playing a key role in the mechanisms of motor learning (9) . These views are collectively called the LTD hypothesis of motor learning, or the Marr-Albus-Ito hypothesis (10) (11) (12) .
This hypothesis has recently been challenged by Schonewille et al. (12) . These authors reported that in three types of genemanipulated mouse they tested, motor learning remained normal and no LTD was induced in cerebellar slices obtained from these mice. Because these findings are incompatible with the Marr-Albus-Ito hypothesis, Schonewille et al. (12) claimed that the hypothesis should be reconsidered. We received from Richard Huganir of Johns Hopkins University, in Baltimore, MD, two of the three mouse mutant genotypes. One is the GluA2 K882A knockin (KI; hereafter, K882A) genotype containing the mutated form of GluA2 with a single lysine mutation incorporated in the consensus recognition motif for the protein kinase C α-subtype (PKCα). Normally, PKCα phosphorylates Ser880 and thereby detaches the AMPA-subtype glutamate receptors (AMPARs) from a synaptic scaffold protein, GRIP1/2; consequently, AMPARs are internalized. On the other hand, PDZ ligands and phosphorylation by other kinases remain functionally intact (13) (14) (15) (16) (17) . The other is the GluA2 Δ7 KI (hereafter, Δ7) genotype, which lacks the last 7 amino acids of the C-terminal tail of GluA2. The region lacking the 7 amino acids is essential for the interaction of GluA2 with PICK1 and GRIP1/2 on the synaptic membrane (15) (16) (17) . Because of the mutations, these mice are believed to be devoid of LTD; however, we found in this study that LTD is still inducible under certain stimulation conditions.
Results
The two types of mutant, GluA2 K882A and Δ7, examined in this study showed seemingly normal daily behavior. Acute slices were obtained from them at 3-6 mo of age, at which motorlearning capability was fully developed (12) . Whole-cell recording from PCs under the voltage or current clamp condition showed virtually normal features of membrane resistance and configurations of PF-excitatory postsynaptic current (EPSC), simple spikes, and complex spikes in the mutant slices compared with the WT. Cj was usually followed by short-term depression,
Significance
Long-term depression (LTD), a unique type of synaptic plasticity exhibited by cerebellar Purkinje cells, has been postulated to play a key role in motor learning. This LTD hypothesis of motor learning has been supported by observations of the coincidence of inactivation of LTD by genetic or pharmacological manipulation with the impairment of motor learning. A controversy, however, has recently arisen because of the observation that in certain mutant mice, this coincidence did not occur; motor learning normally proceeded even when LTD was not induced. We reexamined these mutant mice and found that LTD was inducible even in these mutant mice when stimulation conditions were adequately modified. The present observations support the LTD hypothesis of motor learning.
which decayed in 5-10 min, and followed by slow development of LTD (Fig. 1B) . LTD continued for more than 1 h, but for convenience the magnitude of LTD was estimated by measuring the amplitude of the depressed PF-EPSC peak at 25-29 min after the onset of Cj, relative to the mean amplitude measured during the 5-min preconjunction period.
LTD Induction in PCs. Four different Cj protocols were used. First, a single shock stimulus (0.1 ms in duration) was applied to PFs in combination with a single stimulus simultaneously applied to CF and repeated at 1 Hz for 5 min (300 pulses) (Fig. 1A) . (PF + CF) Cj (hereafter, protoco1-1) was used previously for effectively inducing LTD (12, 18) . In the present study, protocol-1 was effective in inducing LTD in WT PCs (75.6 ± 4.0%, n = 6, P = 0.002, t test), but not in Δ7 PCs (103.9 ± 9.6, n = 6, P = 0.90) ( Fig. 1 B and D) . In Fig. 1C , K882A PCs may appear to exhibit a modest LTD, the magnitude of which, however, is not statistically significant (86.0 ± 7.2, n = 6, P = 0.23). Thus, protocol-1 was effective in inducing LTD only in WT, but not in either K882A or Δ7 PCs (Fig. 1E) , which is in agreement with the report by Schoneville et al. (12) .
Second, PFs were stimulated twice at an interval of 50 ms and the second PF stimulus was synchronized with a single CF stimulus ( Fig. 2A ). This (2PF + CF) Cj (protocol-2) induced significant LTD in K882A PCs (81.0 ± 3.4, n = 6, P = 0.008) (Fig. 2C ), comparable to that in WT PCs (82.8 ± 4.95%, n = 6, P = 0.036) (Fig. 2B) , which showed no statistically significant difference between them (P = 0.957, Tukey-Kramer test). However, no LTD was induced in Δ7 PCs (94.8 ± 5.1, n = 6, P = 0.35) (Fig. 2D) . Thus, protocol-2 was effective in inducing LTD in both WT and K882A, but not in Δ7 PCs (Fig. 2E) .
Third, the CF stimulus was replaced with a single depolarizing pulse (50 ms) applied through a patch pipette (Fig. 3A) (19, 20) . The patch pipette was filled with a Cs + -based internal solution to improve space clamping along PC dendrites by blocking K + channels (15, 21) . The mean Rm (membrane resistance in MΩ, measured by passing square currents through the patch pipette) in cells recorded with the pipette containing the Cs + -based internal solution was three-to four-times larger than those recorded with a pipette containing a K + -based solution (Table S1 ). This maneuver is expected to ensure efficient activation of voltagedependent Ca 2+ channels located at dendritic regions, where PFs and CFs form synapses on PCs. A pulse was applied 50 ms after the first PF shock stimulus, and repeated at 1 Hz for 3 min (180 pulses). With this (2PF + depolarization) Cj (protocol-3), LTD was induced in WT PCs (64.9 ± 4.3%, n = 5, P = 0.0007), K882A PCs (72.0 ± 3.8, n = 7, P = 0.003), and Δ7 PCs (80.0 ± 7.2, n = 6, P = 0.026) (Fig. 3 B-D) . No significant difference was found between these three groups (P = 0.15, one-way ANOVA) (Fig. 3E) . Fourth, using the Cs + -based internal solution, we also combined five PF stimuli and somatic depolarization (Fig. 4A ). This protocol was originally used by Steinberg et al. (15) , with five PF stimulations at 100 Hz concomitant with somatic depolarization (100-ms duration) applied at 2-s intervals for 1 min. This protocol induced LTD in slices obtained from young mice [postnatal day (P) [20] [21] [22] [23] [24] [25] in WT, but in neither K882A nor Δ7 PCs (15) . In the present study, however, when applied to mature WT mice (3-6 mo), the original protocol of Steinberg et al. (15) was ineffective for inducing LTD (98.0 ± 5.7%, n = 4, P = 0.78, paired t test). After some trials and errors, however, we found that an effective protocol consists of five PF stimulations at 100 Hz concomitant with somatic depolarization (−70 to 0 mV; duration, 50 ms) repeated at 2-s intervals for 3 min. This (5PF + depolarization) Cj (protocol-4) was effective for inducing LTD in WT PCs (76.0 ± 6.8%, n = 3, P = 0.031), K882A PCs (71.0 ± 2.0%, n = 4, P = 0.00017), and Δ7 PCs (70.7 ± 7.4%, n = 3, P = 0.013) (Fig. 4 B-D) . No statistically significant difference was found among the three groups (P = 0.749, one-way ANOVA) (Fig. 4E) .
Cj Dependence of LTD Induction. To ensure that protocol-2-evoked LTD is specifically induced by Cj of PF and CF and not by stimulation of PF alone or that of CF alone, we tested the effect of applying CF stimuli alone in place of PF-CF Cj. No significant change in EPSC amplitude during 25-29 min was observed in any of the three PC groups: WT PCs (101.1 ± 1.5%, n = 3, P = 0.41, t test), K882A PCs (100.5 ± 3.9%, n = 3, P = 0.90), and Δ7 PCs (102.2 ±2.8, n = 3, P = 0.48), as plotted in Figs. 1 B-D and 2 B-D as control for Cj. Stimulation of PF alone in place of PF-CF Cj was previously shown to induce no LTD in WT, K882A, or Δ7 PCs (12) . In this study, we also observed that PF or 2PF induced no LTD, but often LTP, as has been known (12, 22) .
With protocol-3 and protocol-4, CF stimulation was replaced with depolarizing pulses that caused Ca 2+ entry, which was similar to that evoked by CF stimulation (15, 23) . In a previous control study using a K + -based internal solution, the Cj dependence of LTD induction was confirmed by the absence of LTD after the separate application of depolarizing pulses (20) . In this study, we applied 50-ms depolarizing pulses at 1 Hz for 3 min separately from PF stimuli. These depolarizing pulses induced short-term depression lasting for 20 min but did not cause LTD in any of the three PC groups (Figs. 3 and 4) .
PKCα Inhibitor Sensitivity. It may be questioned whether the LTD induced by replacing CF stimuli with depolarization in protocol-3 or protocol-4 shares a common signal transduction mechanism with the LTD induced by PF-CF Cj in protocol-1 and protocol-2. To test this, we chose Gö6976, a potent PKCα inhibitor that has been shown to play a crucial role in LTD induction (17) . When Gö6976 (0.3 μM) was included in the internal solution, the EPSC amplitude after Cj failed to exhibit LTD in WT PCs either with protocol-2 (105.0 ± 1.7%, n = 4, P = 0.06, t test) or protocol-3 (97.7 ± 3.6%, n = 3, P = 0.61) (Fig. 5 A and B) . Hence, as far as the blocking effect of Gö6976 is concerned, the LTD induced by (2PF + depolarization) Cj is indistinguishable from that induced by (2PF + CF) Cj.
As tested with protocol-3, LTD was also blocked by Gö6976 in K882A PCs (98.5 ± 1.6%, n = 3, P = 0.41) and Δ7 PCs (99.7 ± 1.7%, n = 3, P = 0.79) (Fig. 5 C and D) . Hence, PKCα appears to play an essential role in LTD induction also in mutant PCs.
Presynaptic Release Mechanism. This mechanism is an important factor that might affect PF-EPSCs. To examine whether the presynaptic release properties were affected by Cj, we compared the paired-pulse ratio (PPR) of PF to PC-EPSC measured before and after Cj. PPR was calculated as the mean of the second EPSC amplitude divided by the mean of the first (24). There was Fig. 1 , but for conjunction protocol-2, where 2PF and 1CF stimulations were applied conjunctively at 1 Hz for 5 min under current clamp conditions. In E: *P < 0.05, **P < 0.01, t -test. no significant change in PPR between before and after Cj with protocols 1-4 in each genotype (Table S2) . Thus, a possibility that LTD induced in the K882A and Δ7 mutant mice was mediated by a presynaptic mechanism could be excluded.
Access Resistance and Rm. In the whole-cell recording in the voltage-clamp mode, as used in the present study, the recorded EPSCs might decrease when access resistance (Rs) increases during Cj. This undesirable effect was avoided by removing all of the data showing a change of more than 15% in Rs between before and after Cj.
An incidental decrease in Rm might cause a decrease in the recorded PF-EPSCs. The mean change in Rm before and after Cj was less than 10% in each genotype for all Cj protocols (Table  S1 ). Rm of each cell varied within the range of ±25% between before and after Cj, but this variation did not correlate with LTD magnitude (Fig. S1 ).
Discussion
It has been believed that K882A and Δ7 mutant PCs are devoid of LTD because of impairment of AMPAR internalization (13, 15) . However, the present study demonstrated that, whereas the previously used protocol-1 failed to induce LTD in K882A and Δ7 mutants, LTD was still induced in these mutants when tested with three modified Cj protocols (protocols-2, -3, and -4). To induce LTD in K882A PCs, Cj requires 2PF (300 pulses) (Fig.  2C) , whereas 1PF (300 pulses) was sufficient in WT PCs (Fig.  1B) . In Δ7, even 2PF was insufficient to induce LTD (Fig. 2D) , but replacing CF with depolarizing pulses and filling the patch pipette with the Cs + -based internal solution, LTD was successfully induced in all of WT, K882A, and Δ7 PCs (Figs. 3 and 4) . Thus, the intensity of Cj required for LTD induction gradually increases in the order of WT < K882A < Δ7. What determines this order is presently unknown.
The present study disclosed that LTD induced in K882A and Δ7 KI mice was dependent on PKCα activity as in WT mice, because the selective PKCα inhibitor Gö6976 effectively blocked LTD induction in these mutant mice and WT mice (Fig. 5) . It may be that the stronger activation of PKCα drives the downstream molecular machinery that may be modified by functional compensation for the mutations.
The mechanism of such compensation is yet to be explored (25) , but the involvement of GluA3 may be discussed here as a likely possibility. Note that AMPAR at the PF-PC synapse consists of GluA2 and GluA3 subtypes (26) , and that the GluA3 expression level is normal even in K882A and Δ7 mice (15) . Note also that the GluA3 C terminus can bind to GRIP/ABP and PICK1 (27) . Suppression of binding between the GluA3 C terminus and GRIP/ABP through phosphorylation of Ser at the C terminus by PKCα seems plausible because the 5-amino acid sequence at the C terminus of GluA3 is identical to that of GluA2, including the Ser site (see ref. 28) . It is interesting to determine whether phosphorylation of Ser at the C terminus of GluA3 in these mutant mice requires a higher concentration of activated PKCα, just as LTD requires a stronger Cj in these mutant mice. However, because in cultured PCs even a strong Cj did not induce LTD in cells from K882A or Δ7 mice (15), the capability of developing compensation by GluA3 might be lost in cultured conditions, or compensation by GluA3 might depend on age, because PCs in cerebellar slices from young K882A and Δ7 mice (P20-25) showed no LTD, even after conjunction of highfrequency PF stimulation and somatic depolarization (0.5 Hz, 1 min) using a Cs + -containing electrode (15) . However, a similar but longer Cj (3 min) effectively induced LTD in older mutant mice (3-6 mo) (Fig. 4) . Fig. 1 , but for conjunction protocol-3, where 2PF stimulation and one depolarizing pulse from a holding potential to a voltage between 0 and +95 mV were applied conjunctively at 1 Hz for 3 min under voltage clamp conditions. In E: *P < 0.05, **P < 0.01, ***P < 0.001, t test.
It has been shown that there is a second Cj-LTD pathway involving cytosolic phospholipase A 2 α, cyclooxygenase-2, and prostaglandin D2/E2 (20) . This pathway might also mediate LTD induction under stronger Cj. However, the possibility is unlikely because prostaglandin D2/E2 cannot rescue the PKCα-inhibitorinduced LTD blockade.
Compensation in K882A and Δ7 mutant mice might involve scaffold molecules in addition to GRIP1/2 for maintaining GluA2 at the postsynaptic density. Transmembrane AMPAR regulatory proteins (TARPs) are candidate molecules that deserve attention (29) . TARP γ-2, which is highly phosphorylated in its basal state, was dephosphorylated during chemically induced LTD in cerebellar slices (30) . Furthermore, PC-specific conditional deletion of TARP γ-2 with a γ-7 KO background impaired motor behaviors (31) . Both GRIP1/2 and TARPs might be involved in stabilization of GluA2/3-containing AMPAR, and dissociation of GluA2/3 from them through direct or indirect action of PKCα might underlie LTD. However, the link between PKCα activation and the dissociation of GluA2/3 from TARP is missing.
Even though the molecular mechanism of compensation for LTD attained in K882A and Δ7 mice has yet to be explored, an important conclusion from the present results is that LTD remains inducible in the mutants as long as the intensity of Cj is sufficiently increased. Hence, there is no reason to assume that LTD does not occur when these mutants perform motor learning. In this sense, the present results support the Marr-AlbusIto hypothesis.
Materials and Methods
Animals. The KI mice (GluR2K882A and GluR2Δ7), which were gifts from R. L. Huganir of Johns Hopkins University, Baltimore, MD, were described previously (15) . Sperms were obtained from both KI mouse genotypes by ectomy and used for in vitro insemination of oocytes from C57BL/6 mice. The offspring from the fertilized oocytes was proliferated by back-crossing to C57BL/6 mice, and then by cross-breeding to obtain homozygous KI mice. Genotypes were determined by PCR amplification of tail DNA samples followed by digestion with restriction enzymes for which unique sites had been engineered (GluR2Δ7, BglII; GluR2K882A, BslI) (15) . The primers used were Glu L (5′-AACGAATGAAGGTGGCAAAG-3′) and Glu R (5′-AAGAGCTTAAG-GACGCGACA-3′). Genotypes were confirmed by second-round genotyping on genomic DNA purified from mouse brain slices used for electrophysiological recording. Mice were kept in the animal facility of RIKEN Brain Science Institute under well-controlled living conditions. Electrophysiological Studies. All procedures involving animals were approved by the RIKEN Committee on the Care and Use of Animals in experiments. To prepare cerebellar slices, adult mice were decapitated under halothane inhalation. The cerebellum was rapidly isolated and immersed in ice-cold ACSF containing the following (21): 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 20 mM glucose. The cerebellum was bubbled with 95% (vol/vol) O 2 and 5% CO 2 . Sagittal slices of the cerebellar vermis of 300-μm thickness were prepared in artificial cerebrospinal fluid (ACSF) containing 1 μM tetrodotoxin using a microslicer (PRO7, Dosaka) and kept in normal ACSF at room temperature (25°C) for at least 1 h. The recording chamber was perfused with oxygenated ACSF containing 100 μM picrotoxin (Sigma-Aldrich) at a rate of 2 mL/min and maintained at 29.0 ± 1.0°C. The volume of the perfusion bath was 0.5 mL. Whole-cell slicepatch recordings of PCs were performed under an upright microscope (Eclipse E600FN, Nikon) with a 40× water-immersion objective. Patch pipettes were pulled from borosilicate tubings and filled with a solution containing the following (resistance, 2-4 MΩ). , where 5PF stimulation and one depolarizing pulse were applied conjunctively at 0.5 Hz for 3 min under voltage clamp conditions. In E: *P < 0.05, **P < 0.01, t test.
resistance and input resistance were constantly monitored by applying a small hyperpolarizing voltage step (2 mV, 100 ms). PFs in the molecular layer or CFs in the granule cell layer or molecular cell layer were focally stimulated by applying pulses (duration, 0.1 ms) to a slice through a glass pipette (tip diameter, 5-10 μm) positioned on the surface of a cerebellar slice. The membrane potential was held at −65 or −75 mV, and a PF-EPSC was evoked at a frequency of 0.1 Hz as a test response. In protocol-1 or -2, after switching to the current-clamp mode, LTD was induced by a protocol composed of 300 single or double PF stimuli in conjunction with CF stimuli. In the double PF stimuli protocol (protocol-2), the first PF stimulus was followed by a CF stimulus and the second PF stimulus at 50-ms intervals. During the PF-CF conjunctive stimulation, no DC current was applied except when there was the need to prevent spontaneous firing. The resting membrane potential was varied between −50 and −60 mV. Under the voltage-clamp condition using a recording electrode containing the Cs + -based internal solution, 2 (protocol-3) or 5 (protocol-4) PF stimuli were applied repeatedly at 1 or 0.5 Hz for 3 min, respectively, coupled with a depolarizing pulse for 50 ms from a holding potential of −75 mV to a potential (0 to +95 mV) at which a few inward current surges were observed, probably representing the generation of dendritic Ca 2+ spikes.
Statistics. To evaluate statistical significances of differences in data between the experimental group and the control group, the t test was used. On the other hand, the statistical significance of intergroup differences among the three genotypes was tested by one-way ANOVA and the Tukey-Kramer post hoc test. Data are represented as mean ± SEM (cell number of tested PCs) (Table S2) .
A B C D In B and D, no significant difference was found in the mean EPSC amplitude between before Cj and after Cj (P > 0.05, paired t test).
